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Epitope mapping, which is the identification of antigenic
determinants, is essential for the design of novel anti-
body-based therapeutics and diagnostic tools. ITEM-
THREE is a mass spectrometry-based epitope mapping
method that can identify epitopes on antigens upon gen-
erating an immune complex in electrospray-compatible
solutions by adding an antibody of interest to a mixture of
peptides from which at least one holds the antibody’s
epitope. This mixture is nano-electrosprayed without pu-
rification. Identification of the epitope peptide is per-
formed within a mass spectrometer that provides an ion
mobility cell sandwiched in-between two collision cells
and where this ion manipulation setup is flanked by a
quadrupole mass analyzer on one side and a time-of-flight
mass analyzer on the other side. In a stepwise fashion,
immune-complex ions are separated from unbound pep-
tide ions and dissociated to release epitope peptide ions.
Immune complex-released peptide ions are separated
from antibody ions and fragmented by collision induced
dissociation. Epitope-containing peptide fragment ions
are recorded, and mass lists are submitted to unsuper-
vised data base search thereby retrieving both, the amino
acid sequence of the epitope peptide and the originating
antigen. ITEM-THREE was developed with antiTRIM21
and antiRA33 antibodies for which the epitopes were
known, subjecting them to mixtures of synthetic peptides
of which one contained the respective epitope. ITEM-
THREE was then successfully tested with an enzymatic
digest of His-tagged recombinant human g-actin and an
antiHis-tag antibody, as well as with an enzymatic digest
of recombinant human TNFa and an antiTNFa antibody
whose epitope was previously unknown. Molecular &
Cellular Proteomics 18: 1543-1555, 2019. DOI: 10.1074/
mcp.RA119.001429.

The identification of epitopes or antigenic determinants is
essential for the design of novel antibody-based therapeutics

and vaccines (1-4). With current personalized medicine con-
cepts (4, 5), epitope mapping, i.e. accurate identification of
antigenic determinants (epitopes) of protein antigens (6-8), is
very useful in the design of novel antibody-based diagnostic
tools, particularly for companion diagnostics (9, 10). Although
structure-based methods, such as X-ray crystallography (11,
12) and NMR (13, 14) have been regarded as “gold standard”
to map epitopes because they achieve atomic resolution, they
are not always readily applicable because a given antigen-
antibody pair may lie beyond the scope of either or both of
these methods, e.g. when the immune complex is not crys-
tallizable or is too large for NMR (15, 16). One great disad-
vantage of X-ray crystallography and NMR is that both require
rather large sample amounts (17, 18).

By contrast, the relatively low amounts of samples required
(19) and the rapidity (6) by which mass spectrometric epitope
mapping is executed is of great advantage in this respect (20).
Chemical cross-linking mass spectrometry (21, 22), hydro-
gen/deuterium exchange (HDX)' mass spectrometry (23) and
mass spectrometric methods that employ chemical modifica-
tion on proteins, such as Fast Photochemical Oxidation of
Proteins (FPOP) (24, 25) or chemical modification of surface
exposed residues (26, 27) have been applied in epitope map-
ping experiments (28) and in determinations of protein - pro-
tein interaction sites in general (29), but their application may
be limited when rather demanding chemistries are involved,
or when performing such experiments becomes laborious,
and/or requires sophisticated laboratory equipment (20, 30).
Significant advances in epitope mapping protocols/methods
have been reached with the two most commonly used mass
spectrometric methods: epitope extraction and epitope
excision (20, 31, 32). These techniques have matured either
through automation of solution handling procedures (33) or by
minimizing in-solution handling, i.e. avoiding immobilization
procedures and other chemical reactions (6, 34).
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Advanced mass spectrometer designs have led to in-
creased flexibility by coupling various ion filtering devices with
different mass analyzers, and have opened new opportunities
for performing ion reactions, such as CID and SID (19, 35-39)
in the gas phase and/or laser irradiation and UV irradiation of
ions, respectively (36, 40, 41). The availability of mass spec-
trometers equipped with ion-mobility separation chambers
provide an additional dimension for the separation of ions
based on not only their m/z values but also on their shapes
and sizes (42-44). This new generation of mass spectrom-
eters led to the development of fast and easy to apply
epitope mapping methods by which epitope peptides of an
antibody of interest can be identified in a relatively simple
and robust fashion (6, 20). Based on our gas phase epitope
mapping strategy, termed ITEM-ONE (6), where epitopes of
known antigens have been identified by precisely determin-
ing the mass of the extracted epitope peptide, we have now
advanced to ITEM-THREE, where mass spectrometric
amino acid sequencing of unknown epitope peptides is
performed to identify an antigenic determinant on an anti-
gen surface.

MATERIALS AND METHODS

Proteins and Peptides—Mouse antiRA33 antibody (monoclonal an-
ti-hnRNP-A2/B1; clone DP3B3 lot: 044K4766) was obtained from
Sigma-Aldrich (Steinheim, Germany). Rabbit antiTRIM21 antibody
(polyclonal anti-52kDa Ro/SSA antibody; sc-20960 lot: FO503) raised
against amino acids 141-280 of TRIM21 (52kDa Ro/SSA) of human
origin was obtained from Santa Cruz Biotechnology, Inc. (Heidelberg,
Germany). Mouse antiHis-tag antibody (monoclonal antibody MCA
1396; Batch no. 0309) was supplied by Bio-Rad, (Munich, Germany)
and mouse antiTNFa antibody (monoclonal antibody; catalogue no.
MA5-23720) was produced by ThermoFisher Scientific GmbH (Ulm,
Germany). Recombinant human TNF alpha (thTNFa) was a gift from
Prof. Harald lliges, Hochschule Bonn-Rhein-Sieg University of Ap-
plied Sciences, Germany. Actin, cytoplasmic 1 recombinant protein
was purchased from GenWay Biotech (Catalogue no. 10-288-
23014F, San Diego, CA). RA33 peptide (MAARPHSIDGRVVEP-NH,),
GPI peptide (ALKPYSPGGPR), Angiotensin Il (DRVYIHPF), TRIM21A
peptide (LQELEKDEREQLRILGE), TRIM21B peptide (LQPLEKDE-
REQLRILGE) and TRIM21C peptide (LQELEKDEPEQLRILGE) were
synthesized by Peptides and Elephants GmbH (Potsdam, Ger-
many). The synthetic FLAG peptide (DYKDDDDK; article no.
020015) was obtained from ThermoFisher Scientific GmbH and
sequencing grade, modified trypsin was obtained from Promega
Corporation (Madison, WI).

Preparation of the Synthetic Peptide Mixture Solution (Solution
1)—A mixture of equimolar concentrations of seven synthetic
peptides (10 um each; GPI peptide, FLAG peptide, Angiotensin I,
TRIM21A peptide, TRIM21B peptide, TRIM21C peptide, and RA33
peptide) was prepared by dissolving the appropriate amounts of the
individual lyophilized peptide powders in freshly prepared 200 mm
ammonium acetate, pH 7.1 and mixing the appropriate volumes. The

" The abbreviations used are: HDX, hydrogen deuterium exchange;
Nano-ESI, nano-electrospray ionization; IMS, ion mobility separation;
ToF, time of flight; CID, collision induced dissociation; ACV, collision
cell voltage difference; UBPs, unbound peptide ions; CoRPs, com-
plex-released peptide ions; BLAST, basic local alignment search tool.

peptide mixture-containing solution was shock-frozen and kept at
—20 °C until either mass spectrometric analysis or immune complex
formation were performed.

Tryptic Digestion of Recombinant Human Beta Actin (Solution 1)—
Recombinant human beta actin (rhBactin) was digested with trypsin
(26, 34, 45) using a modified Filter Aided Sample Preparation (FASP)
protocol. To 10 ul of 200 mm DTT, dissolved in 0.1 m Tris/HCI
containing 8 M urea was added 20 ul of rhBactin solution (protein
concentration 1 pg/ul). This mixture was incubated at 37 °C for 30
min. Then, this solution was transferred into an equilibrated 30K
Amicon centrifugal filter (equilibration with 1% formic acid according
to protocol (46)) and 170 ul of 8 M urea in 0.1 m Tris/HCI, pH 8.5, were
added and centrifuged at 13,000 rpm for 15 min. After discarding the
filtrate, 150 ul of 8 M urea in 0.1 m Tris/HCI, pH 8.5, were added to the
retentate in the filter unit and centrifuged again at 13,000 rpm for 15
min. A further wash of the retentate was done by adding 100 ul of
8 M urea in 0.1 M Tris/HCI, pH 8.5, to the filter unit and centrifuging at
18,000 rpm for 12 min. The filtrates were discarded and the retentate
was further washed for three times, first by adding 100 ul, then 75 ul,
and lastly 50 ul of 50 mm ammonium bicarbonate solution, pH 8.6,
and each time centrifugation was performed at 13,000 rpm for 10 min,
12,000 rpm for 8 min, and 12,000 rpm for 6 min, respectively. After the
three washings, the filter unit containing the retentate (ca. 5 pl) was
transferred into a new collection tube. A volume of 35 ul of 11.42
ng/ul of trypsin in 50 mm ammonium bicarbonate, pH 8.6, was added
to the protein that was dissolved in the solution on the filter unit to
obtain an enzyme/substrate ratio of 1:50 (w/w). The mixture was
incubated at room temperature in a wet chamber for 16 h and then
centrifuged at 8000 rpm for 5 min and at 12,000 rpm for 3 min. Next,
a volume of 40 ul of 10 mm ammonium bicarbonate, pH 8.6, and a
further amount of 4 ul of 0.1 pg/ul trypsin solution (composition see
above) was added and incubated at 37 °C for 2 h. Finally, the mixture
was centrifuged at 12,000 rpm for 8 min and the filtrate (ca. 80 pl),
which contained the tryptic peptides, was collected for further anal-
ysis. The peptide concentration of the solution was determined using
the Qubit® 2.0 Fluorometer (Carlsbad, CA), following described pro-
cedures (6, 47). Aliquots (10 ul, each), were shock-frozen and kept at
—20 °C until either mass spectrometric analysis or immune complex
formation were performed.

Tryptic Digestion of Recombinant Human TNF Alpha (Solution 1)—
Tryptic digestion of recombinant human TNF alpha (26, 34, 45)
(rhTNFea, 1 ng/nl) was performed by adding 15 ul of the rhTNFa
dissolved in 200 mm ammonium acetate, pH 7.1, to 32 ul of trypsin
solution (9.4 ng/ul in 4.8 mm Tris/HCI with 5 mm DTT) to yield an
enzyme/substrate ratio of 1:50 (w/w). This mixture was incubated at
37 °C for 20 h. The resulting tryptic peptide solution was divided into
nine aliquots, each of which contained a volume of 5 ul. Each aliquot
was desalted by loading the entire 5 ul volume onto one C18 ZipTip
Pipette Tip (Merck Millipore Ltd, Tullagreen, Carrigtwohill, Co. Cork,
Ireland) that had been wetted with a mixture of deionized H,O/ACN
(50:50, v/v). Equilibration and washing solutions consisted of 1%
HCOOH in deionized H,0; two times 10 ul were used for each step.
The affinity-bound peptides were eluted into 5 ul of 1% HCOOH in
H,O : 1% HCOOH in ACN (50:50, v/v) (46, 48). Next, all nine
desalted portions of the tryptic peptide-containing solutions were
pooled to obtain a total volume of 45 ul. This solution was aliquoted
into 10 ul volumes, shock-frozen and kept at —20 °C until either
mass spectrometric analysis or immune complex formation were
performed.

Preparation of Antibody Solutions (Solution 2)—As described pre-
viously (6), a volume of 30 ul of 0.8 pg/ul of antiRA33 antibody
solution was loaded onto a 50K Amicon centrifugal filter (Merck
Millipore Ltd.) and 470 pl of 200 mm ammonium acetate, pH 7.1, was
added. The resulting solution was centrifuged at 13,000 rpm for 10
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min for eight times. Each time the filtrates were discarded and 470 pnl
of 200 mm ammonium acetate, pH 7.1, were added to the retentates.
After the last centrifugation the filter units were inverted and placed
into new tubes and centrifuged at 4500 rpm for 5 min to collect the
retentates of ca. 20 ul antibody solution in each case. Protein con-
centrations were determined using the Qubit® 2.0 Fluorometer fol-
lowing described procedures (6). Similarly, 100 ul of 0.2 ug/ul of
antiTRIM21 antibody solution, 20 ul of 1.0 ng/ul antiHis-tag antibody
solution, and 40 wl of 0.5 ug/ul of antiTNFa antibody solution, which
were all obtained from suppliers in PBS buffer, were buffer exchanged
into 200 mm ammonium acetate buffer, pH 7.1.

Preparation of Immune Complex-containing Solutions (Solution
3)—For immune complex formation, a final concentration of ca. 0.2
ng/ul of each antibody-containing solution (solution 2) was prepared
by diluting the solutions obtained from the buffer exchange with 200
mM ammonium acetate, pH 7.1. Solutions 3 were binary mixtures of
one Solution 1 with one Solution 2 to obtain the molar ratios of ~2.2:1
(epitope peptide/antibody) in each of Solutions 3. Immune complex-
containing mixtures (Solutions 3) were incubated at room temperature
for at least 1 h.

NanoESI-IMS-MS/MS Instrument Settings and Spray Needle Prep-
aration—NanoESI-IMS-MS/MS measurements were carried out in
positive ion mode on a quadrupole ion-mobility separation time-of-
flight mass spectrometer (Synapt G2-S, Waters MS-Technologies,
Manchester, United Kingdom) as described (6). The m/z range 200-
8000 of the time-of-flight analyzer was calibrated externally using a 1
mg/ml sodium iodide solution dissolved in an isopropanol/water mix-
ture (50:50, v/v). Measurements were performed with the following
instrumental settings: source temperature, 50 °C; capillary voltage,
1.60-1.90 kV; source offset, 80-100 V; sample cone voltage, 90-120
V; TRAP cell gas flow, 6.0 ml/min; cone gas flow, 100 liters/h. Gas
controls were set to automatic as follows: TRAP cell gas flow, 2.0
ml/min; helium cell gas flow, 180 ml/min; IMS cell gas flow, 90 ml/min.
IMS wave velocity and wave height were manually set to 650 m/s and
40 V, respectively. Start wave height and end wave height were also
optimized with 30-35 V and 20-25 V, respectively, for each experi-
ment to obtain adequate ion mobility separation. Pusher width and
pusher cycle times were both set to automatic. Scan duration of 1.0 s
and inter scan delay of 0.015 s were set for both IMS and MS
measurements. Reflectron grid, flight tube and reflectron voltages
were 1.46 kV, 10.00 kV and 3.78 KV, respectively, and detector
sensitivity was set to normal. Pressure settings within the various
parts of the mass spectrometer were as follows: TRAP cell, ~2.2 X
102 mbar; Helium cell, ~1.35 x 10° mbar; IMS cell, ~3.5 x 10°
mbar; TRANSFER cell, ~2.6 X 10~2 mbar; ToF analyzer, ~8.0 X 10~ 7
mbar. Spray needles were prepared in-house from borosilicate glass
tubes of 1 mm outer and 0.5 mm inner diameters with a P-1000
Flaming/Brown™ Micropipette Puller System (Sutter Instruments,
Novato, CA, USA) followed by gold coating, applying the Sputter
Coater SCD 005 (BAL-TEC Inc., Balzers, Liechtenstein) (6, 47).

NanoESI-IMS-MS/MS Measurements for Epitope Mapping—To
perform ITEM-THREE experiments, solutions 3 (ca. 3 ul, each) were
loaded into spray needles with the aid of 20 ul microloader pipette
tips (Eppendorf AG, Hamburg, Germany) and were electrosprayed
without any purification. In the mass spectrometer, the quadrupole
analyzer was first used to block transmission of lower molecular
weight ions (filter off ions below m/z 5000) by manually setting the
quadrupole appropriately (6). The epitope peptide-antibody com-
plexes were able to transit the quadrupole intact. Next, dissociation of
the epitope peptide-antibody complexes in the TRAP cell (first colli-
sion cell) was achieved by increasing the collision cell voltage differ-
ence (ACV) to between 50 and 80 V. The collision voltage differences
in the TRAP cell were raised in a stepwise manner (5-20 V/step) and
were so optimized for each experiment to ensure adequate dissoci-

ation of the antibody - peptide complex with minimal antibody frag-
mentation. The dissociated complex constituents then entered the ion
mobility chamber where they were separated according to their m/z
values, sizes and shapes. Finally, the collision cell voltage differences
(ACV) in the TRANSFER cell (second collision cell) were also in-
creased to 40-70 V to cause enough fragmentation of the complex
released peptides (CoRPs). Again, the collision voltage differences in
the TRANSFER cell were raised in a stepwise manner (5-20 V/step) to
adjust optimized peptide ion fragmentation conditions for each ex-
periment. Both ion mobility raw data (arrival time of ions) and mass
spectral raw data were collected and stored using MassLynx software
4.1 (Waters MS-Technologies). The mass spectrometry data have
been deposited in the PRIDE database (49).

Mascot Database Search with MS/MS Fragment lons— After se-
lecting the arrival time of the released epitope peptide ion, raw data
from an MS/MS spectrum were de-convoluted and de-isotoped and
then converted into peak lists using the MaxEnt3 algorithm on the
MassLynx version 4.1 software. The peak list was then saved as a
SEQUEST file (*.DTA) that was then uploaded onto the Mascot (Matrix
Science Ltd., London, UK) search engine (50, 51), using the UniProt
database (release 2018_06) that contained 557,713 sequences and
an “amended UniProt” database that was generated to contain the
amino acid sequences of the recombinant antigens in addition to all
the amino acid sequence entries of the UniProt database (release
2018_06). The search parameters were set as follows: taxonomy, all
entries; enzyme, none or trypsin (where tryptic digests were used),
and up to 1 missed cleavage was allowed. Fixed modifications,
carbamidomethylation of cysteine, and variable modifications, dicar-
bamidomethylation of lysine, were selected where necessary. Peptide
mass tolerance and MS/MS ion mass tolerance were both set to 0.3
Da. Threshold ion scores were used in accepting the individual spec-
tra. The ion scores above these thresholds indicated amino acid
sequences with significant homology to the sequence entries from the
data base.

NCBI BLAST of Identified Epitope Peptides—The amino acid se-
quence of the first hit from the Mascot search (epitope peptide) was
submitted to an NCBI BLAST search using the following parameters:
database, Uniprot (release 2018_06); organisms, all; max target se-
quence, 250; expect threshold, 2000; matrix PAM50 (52).

RESULTS
Method Development—

Immune Complex Formation and Epitope Identification for
the antiRA33 Antibody— On electrospraying a peptide mixture
that consists of seven synthetic peptides dissolved in aque-
ous ammonium acetate (solution 1) and operating the mass
spectrometer in positive ion and ion mobility separation
modes, the arrival times of the peptide ions at the end of the
ion mobility separation chamber were recorded between 4 ms
and 14 ms, respectively. The mass spectrum showed all ion
signals from this arrival time regime as mainly singly and
doubly charged ion signals within the mass range between
m/z 300 and m/z 1600 (Fig. 1A-1B). In addition, fragment ions
from the FLAG peptide and the GPI peptide were recorded as
well (supplemental Table S1), despite low voltage differences
(ca. 2V to 4 V) in both, the TRAP cell that is the first collision
cell located behind the quadrupole but in front of the ion
mobility separation chamber, and the TRANSFER cell, which
is the second collision cell, located behind the ion mobility
separation chamber but in front of the ToF analyzer. As ex-
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Fic. 1. Mass spectrometric dissociation of the RA33 epitope peptide — antiRA33 antibody complex and amino acid sequence
determination of the complex-released peptide by mass spectrometric fragmentation. lon mobility arrival time plots of A, Solution 1, C,
and E, Solution 3. Dashed lines mark the regions for mass spectra selections. Settings of the TRAP cell, the TRANSFER cell, and the
quadrupole are indicated at the right. B, D, and F, nanoESI mass spectra (low m/z range) of ions from selected arrival time ranges. Selected
m/z values are given and charge states are indicated in parentheses. For ion signal assignments see supplemental Table S1. G, Amino acid
sequence of the complex-released peptide (single letter code) as determined by the matched mass spectrometric fragment ions (fragment ion
types and numbers are indicated). The Uniprot protein ID of the peptide source protein (first hit) is shown. H, Pseudo mass spectrum (after
charge deconvolution and de-isotoping) of fragment ions derived by selecting arrival time of the complex-released peptide with m/z 817.48.

For ion signal assignments see supplemental Table S2.

pected, in later arrival time regimes, i.e. above 16 ms, the
mass spectrum of this peptide mixture did not show any ion
signals (supplemental Fig. S1A-S1B).

Adding the antiRA33 antibody (solution 2) to the synthetic
peptide mixture (solution 1) produced solution 3 in which
formation of the immune complex occurred, consisting of
RAS33 epitope peptide and antiRA33 antibody. Electrospray-
ing solution 3 and setting the quadrupole to block transmis-
sion of ions with m/z values below m/z 5000, only the intact
immune complex ions as well as free antibody ions were able
to traverse the quadrupole ion filter. The high molecular
weight components of solution 3 produced multiply charged
ions, ranging from 24+ to 30+ charge states, which all ap-
peared above m/z 5000 (supplemental Fig. S1C-S1D, cf. sup-
plemental Table S3). All these multiply charged ion signals
were recorded with arrival times between 16 ms and 22 ms at
the end of the ion mobility separation chamber (Fig. 1C). On
looking at the arrival time regime where the unbound peptide
ions (UBPs) were expected to reach the end of the ion mobility
separation chamber (4 ms to 14 ms), there appeared no
peptide ion signals within the mass range of m/z 300 to m/z
1600 (Fig. 1D).

However, when higher collision cell voltage differences (50
V) were applied in the TRAP cell, collision of the immune
complex ions with argon gas atoms caused dissociation of
singly and/or doubly charged peptide ions from the multiply
charged immune complex ions. The complex-released pep-
tide ions (CoRPs) were detected with arrival times of around
13 ms and the corresponding arrival time-matched mass
spectrum showed doubly charged ions at m/z 817.48 and at
m/z 825.48 for the RA33 epitope peptide and its oxygenated
product, both with mass accuracies of 61 ppm (Fig. 1E-1F).
Obviously, after intact transition into the gas phase, the re-
spective multiply charged immune complex ions traversed the
quadrupole mass filter while the quadrupole effectively
blocked transmission of all UBPs (Fig. 1C-1D).

Next, the collision cell voltage difference in the TRANSFER
cell was increased to 60 V to fragment (rupture) the CoRPs,
which had been generated in the TRAP cell. Thus, at high
collision cell voltage differences in both the TRAP cell (50 V)
and the TRANSFER cell (60 V) fragment ions of the RA33
epitope peptide were recorded with the same arrival times
(ca. 13 ms) as the precursor CoRP ions (Fig. 1H). Additionally,
when high collision cell voltage differences in both collision
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Fic. 2. Mass spectrometric dissociation of the TRIM21 epitope peptide — antiTRIM21 antibody complex and amino acid sequence
determination of the complex-released peptides by mass spectrometric fragmentation. lon mobility arrival time plots of A, Solution 1, C,
and E, Solution 3. Dashed lines mark the regions for mass spectra selections. Settings of the TRAP cell, the TRANSFER cell, and the
quadrupole are indicated at the right. B, D, and F, nanoESI mass spectra (low m/z range) of ions from selected arrival time ranges. Selected
m/z values are given, and charge states are indicated in parentheses. For ion signal assignments see supplemental Table S1. G, Amino acid
sequence of the complex-released peptide (single letter code) as determined by the matched mass spectrometric fragment ions (fragment ion
types and numbers are indicated). The Uniprot protein ID of the peptide source protein (first hit) is shown. H, Pseudo mass spectrum (after
charge deconvolution and de-isotoping) of fragment ions derived by selecting arrival time of the complex-released peptide with m/z 1049.66.
The “*” marks ions that belong to the peptide with ion signal at m/z 1033.64. For ion signal assignments see supplemental Tables S4 and S5.

cells are applied, multiply charged antibody fragment ions
appeared at around m/z 2000 with arrival times similar to
those of the intact immune complex ions and/or the ions of
the free antibody (supplemental Fig. S1E-S1F).

After processing the raw data from the CoRP fragment ion
mass spectra by de-isotoping and deconvolution of charge
states, and after submitting the list of fragment ions to data
base search using the Mascot search engine, the best hit from
the search result reported the amino acid sequence of the
RA33 peptide (Fig. 1G). In addition to b-type and y-type ions,
some b-type and y-type ions that had lost ammonia were
identified as well (supplemental Table S2). The best hit re-
ported a score of 43 (threshold 34), indicating that the deter-
mined amino acid sequence had a significant homology to the
sequence entry from the data base. In addition to the amino
acid sequence the data base entry revealed the name of the
originating protein, hence the antigen.

Although the CoRPs, i.e. epitope peptides, which had been
generated in the TRAP cell could be identified with high mass
accuracies by comparing their monoisotopic masses to the
known masses of all the peptides in the peptide mixture
(solution 1), fragmenting the CoRP ions by increasing the
collision cell voltage difference in the TRANSFER cell enabled

experimental determination of the respective partial amino
acid sequence on data base search, thereby substantiating
epitope identification.

Immune Complex Formation and Epitope Identification for
the antiTRIM21 Antibody—To further test our ITEM-THREE
workflow an antiTRIM21 antibody (solution 2) was added to
the mixture of synthetic peptides (solution 1), thereby obtain-
ing TRIM21 epitope peptide - antiTRIM21 antibody com-
plexes in solution 3. As before, the arrival times of the peptide
ions at the end of the ion mobility separation chamber were
recorded between 4 ms and 14 ms, respectively. The mass
spectrum showed all ion signals from this arrival time regime
as mainly singly and doubly charged ion signals within the
mass range between m/z 300 and m/z 1600 (Fig. 2A-2B).
Again, and as expected, the mass spectrum of this peptide
mixture did not show any ion signals in later arrival time
regimes, i.e. above 16 ms (supplemental Fig. S2A-S2B).

Electrospraying solution 3 and setting the quadrupole to
block transmission of ions below m/z 5000, only the multiply
charged ions of the intact immune complex and of the free
antibody traversed the quadrupole and the ion mobility sep-
aration chamber with arrival times of between 19 ms and 28
ms (Fig. 2C). Like before, within the time regime at which the
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peptides’ arrivals at the end of the ion mobility separation
chamber were expected (4 ms to 14 ms), no peptide ion
signals were seen in the mass range below m/z 1600 (Fig. 2D).

However, contrary to the case of antiRA33 antibody-RA33
epitope peptide complex, the mass spectrum that covered
the arrival time range of 19 ms to 28 ms of the TRIM21 epitope
peptide - antiTRIM21 antibody complex showed the presence
of unresolved antiTRIM21 antibody together with TRIM21
epitope peptide-antiTRIM21 antibody complex ion signals at
above m/z 5000. Their charge states ranged from 23+ to 28+
(supplemental Fig. S2C-S2D, cf. supplemental Table S6). De-
spite the unresolved multiply charged ion signals, this result
repeatedly showed that the quadrupole was effectively filter-
ing off UBPs.

On raising the TRAP cell voltage difference to 80 V and
looking at the mass spectra that matched to the arrival times
of CoRPs, in this case approx. 8 ms (Fig. 2E-2F), there ap-
peared two doubly charged peptide ions, one at m/z 1049.66
and one at m/z 1033.64. By comparing the monoisotopic
masses of these ions to the masses of the peptide ions that
were contained in the peptide mixture (solution 1), the ion
signal at m/z 1049.66 was assigned to the TRIM21A peptide
with a mass accuracy of 85 ppm. Likewise, the ion signal at
m/z 1033.64 was assigned to the TRIM21B peptide with a
mass accuracy of 68 ppm (cf. supplemental Table S1). It is
worth noting that the TRIM21C peptide, which was a constit-
uent of the peptide mixture (solution 1) had not bound to the
antiTRIM21 antibody and, hence, did not show up as a CoRP
but remained a UBP.

When the TRANSFER cell voltage difference was increased
to 70 V, both doubly charged precursor CoRP ions were
simultaneously fragmented. The respective fragment ion
spectrum that corresponded to the arrival time of the doubly
charged precursor ions (ca. 8 ms) showed a mixture of the
fragment ions. On performing data base search with the de-
convoluted and de-isotoped fragment mass list, only the
TRIM21A peptide sequence was reported as best hit with a
score of 46 (threshold 37; Fig. 2G-2H, cf. supplemental Table
S4), because only the wild type epitope peptide sequence
was included in the Uniprot database. The TRIM21B peptide
was identified (score 27; threshold 35) when repeating the
data base search and applying the amended Uniprot data-
base that contained the manually added amino acid sequence
with the respective amino acid exchange (Fig. 2H, cf. supple-
mental Table S5). For the TRIM21A peptide both, b-type and
y-type ions were assigned. Additionally, ion signals were ob-
served for b-type and y-type fragment ions that had lost
ammonia or water (supplemental Table S4). For the TRIM21B
peptide barely b-type ions with loss of ammonia or water were
seen (supplemental Table S5).

The mass spectra that were recorded at high collision cell
energies in both, the TRAP cell and the TRANSFER cell, and
selection of arrival times from 19 ms to 28 ms, where the
multiply charged ion signals of unresolved TRIM21 epitope

peptide - antiTRIM21 antibody immune complexes and free
antibody had appeared, showed in addition to these ion sig-
nals the presence of multiply charged antibody fragment ions
(supplemental Fig. S2E-S2F, cf. supplemental Table S6). To
unequivocally assign antibody fragment ion signals we per-
formed control experiments by individually electrospraying
the antibody solutions (solutions 2), one after the other, under
the same fragmentation conditions for comparisons (data not
shown).

Application Examples —

Immune Complex Formation and Epitope Identification for
the antiHis-tag Antibody—As a first application example, we
performed our ITEM-THREE method to identify a His-tag
epitope peptide from the 6-times histidine tagged recombi-
nant human beta actin (rhBactin) using an antiHis-tag anti-
body. To generate solution 1 an in-solution tryptic digestion of
the His-tagged rhBactin was performed. The arrival times of
the tryptic peptide ions from solution 1, after traversing the
quadrupole and the ion mobility separation chamber, ranged
from 4 ms to 14 ms when measured at low collision cell
voltage differences in both, the TRAP cell (4V) and the
TRANSFER cell (2V). The corresponding mass spectrum
showed ion signals below m/z 1600, which covered 55% of
the amino acid sequence of the full length rhpBactin (Fig.
3A-3B, cf. supplemental Fig. S5, supplemental Table S7).
However, none of the peptide masses from the mass spec-
trum could be assigned to the C-terminal tryptic peptide,
which contained the His-tag. In the mass range above m/z
5000, there were no ion signals present (supplemental Fig.
S4A-S4B).

The antiHis-tag antibody (solution 2) was added to solution
1 and the mixture (solution 3) was electrosprayed without any
further purification after an incubation period of 1 h at room
temperature. When analyzing solution 3 at low collision cell
voltage differences in both the TRAP cell and the TRANSFER
cell and with setting the quadrupole to block transmission of
UBPs, no ion signals appeared in the mass spectrum below
m/z 1600 (Fig. 3C-3D). In the mass range above m/z 5000
multiply charged ion signals of unresolved antiHis-tag anti-
body and His-tag peptide-antiHis-tag antibody complex were
recorded with charge states ranging from 22+ to 27+ (sup-
plemental Fig. S4C-S4D, cf. supplemental Table S10).

After raising the collision cell voltage difference to 50 V in
the TRAP cell, there appeared a doubly charged CoRP ion
signal at m/z 695.82 with an arrival time of around 11 ms (Fig.
3E-3F). Surprisingly, the mass of this ion signal did not match
to any of the predicted tryptic peptide masses from rhBactin.
With an additional high collision cell voltage difference (40 V)
in the TRANSFER cell, we were able to obtain the fragment
ions of the corresponding CoRP, i.e. the peptide that was
pulled out by the antiHis-tag antibody, hence the epitope
containing peptide. After processing the ion signals from the
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Fic. 3. Mass spectrometric dissociation of the His-tag epitope peptide - antiHis-tag antibody complex and amino acid sequence
determination of the complex-released peptide by mass spectrometric fragmentation. lon mobility arrival time plots of A, Solution 1, C,
and E, Solution 3. Dashed lines mark the regions for mass spectra selections. Settings of the TRAP cell, the TRANSFER cell, and the
quadrupole are indicated at the right. B, D, and F, nanoESI mass spectra (low m/z range) of ions from selected arrival time ranges. Selected
m/z values are given and charge states are indicated in parentheses. For ion signal assignments see supplemental Table S7. G, Amino acid
sequence of the complex-released peptide (single letter code) as determined by the matched mass spectrometric fragment ions (fragment ion
types and numbers are indicated). The Uniprot protein ID of the peptide source protein (first hit) is shown. H, Pseudo mass spectrum (after
charge deconvolution and de-isotoping) of fragment ions derived by selecting arrival time of the complex-released peptide with m/z 695.82.

For ion signal assignments see supplemental Table S8.

fragment ion spectrum of the low m/z range and submitting
the mass list to Uniprot data base search using the Mascot
search engine, an assignment of the doubly charged CoRP
was obtained for a peptide with three histidine residues in a
row (Fig. 3G-3H), originating from Phospho-N-acetylmu-
ramoyl-pentapeptide-transferase (MRAY_PSYIN) from Psy-
chromonas ingrahamii (strain 37). The reported peptide se-
quence only provided 33% homology to the His-tag peptide
from rhBactin that was used in the experiment. Although
the search engine reported a false positive hit (score 18), the
thereby suggested amino acid sequence indicated that the
epitope peptide indeed contained a set of consecutively ar-
ranged histidine residues. After including the amino acid se-
quence of the His-tagged rhBactin into the amended Uniprot
database, we obtained the C-terminal peptide from rhgactin
as chemically modified six histidine residue encompassing
peptide as best hit (score 22; threshold 23) for the fragmented
epitope peptide, i.e. the precursor ion at m/z 695.82. Of note,
the mass difference of 114.04 Da between the measured
and the theoretical masses of the tryptic His-tag peptide
KC(carb)FHHHHHH was assumed to be because of di-carb-
amidomethylation on the lysine K373 residue (supplemental
Fig. S3, cf. supplemental Table S9) in addition to carbam-

idomethylation of the cysteine C374 residue. Chemical mod-
ification on the K373 residue stands in agreement with shield-
ing this lysine residue from enzymatic cleavage; explaining the
“missed cleavage” at this amino acid residue (cf. supplemen-
tal Table S7).

At high collision cell energies in both the TRAP cell and the
TRANSFER cell, the mass spectrum of high m/z range (above
m/z 5000) with arrival times between 15 ms and 23 ms
showed multiply charged ion signals of intact antibody unre-
solved from immune complex ions together with antibody
fragments ions (supplemental Fig. S4E-S4F).

Immune Complex Formation and Epitope Identification for
the antiTNFa Antibody—Because the ITEM-THREE method
successfully identified epitope peptides from either synthetic
peptide mixtures or from peptide mixtures originating from
digested antigen proteins when exposed to the respective
antibody, we applied our procedure to the identification of the
unknown epitope of an antiTNFa antibody. Like before, solu-
tion 1 was generated by tryptic digestion of the protein, in this
case the trimeric recombinant human TNFa (thTNFa). The
rhTNF« tryptic peptides’ arrival times ranged from 4 ms to 12
ms and produced ion signals below m/z 1600 that covered
100% of the entire amino acid sequence of the full length
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Fic. 4. Mass spectrometric dissociation of the TNF« epitope peptide - anti TNFa antibody complex and amino acid sequence
determination of the complex-released peptide by mass spectrometric fragmentation. lon mobility arrival time plots of A, Solution 1, C,
and E, Solution 3. Dashed lines mark the regions for mass spectra selections. Settings of the TRAP cell, the TRANSFER cell, and the
quadrupole are indicated at the right. B, D, and F, nanoESI mass spectra (low m/z range) of ions from selected arrival time ranges. Selected
m/z values are given, and charge states are indicated in parentheses. For ion signal assignments see supplemental Table S11. G, Amino acid
sequence of the complex-released peptide (single letter code) as determined by the matched mass spectrometric fragment ions (fragment ion
types and numbers are indicated). The Uniprot protein ID of the peptide source protein (first hit) is shown. H, Pseudo mass spectrum (after
charge deconvolution and de-isotoping) of fragment ions derived by selecting arrival time of the complex-released peptide with m/z 909.57.

For ion signal assignments see supplemental Table S12.

protein monomer (Fig. 4A-4B). After addition of the antiTNFa
antibody (solution 2) and incubation for 1 h at room temper-
ature, solution 3 was electrosprayed. Setting the quadrupole
analyzer to block transmission of unbound peptide ions from
solution 3, there appeared no peptide ions in the lower mass
range (m/z below 1600) but in the higher mass range (m/z
above 5000) there appeared unresolved ion signals of
antiTNFa antibody and rhTNF« epitope peptide-antiTNFa an-
tibody immune complexes with charge states ranging from
22+ to 27+ (Fig. 4C-4D and supplemental Fig. S7). Then, on
raising the TRAP cell voltage difference to 50 V, two singly
charged ion signals, one at m/z 857.60 and one at m/z 909.57
showed up with significant intensities in the corresponding
mass spectrum (Fig. 4E-4F). Albeit these two CoRPs over-
lapped with respect to their arrival times of approx. 11 ms,
they could be separately fragmented by applying different
TRANSFER cell voltage differences. A TRANSFER cell voltage
difference of 50 V was required to efficiently fragment the
precursor CoRP ion at m/z 857.60 whereas a TRANSFER cell
voltage difference of 55 V was needed to obtain high enough
yields of fragment ions of the precursor CoRP ion at m/z
909.57. Subsequent submission of the two different mass lists
from the processed fragment ion mass spectra to Uniprot

data base search revealed two amino acid sequences, VNLL-
SAIK for the CoRP with m/z 857.60 (score 14; threshold 26,
aa79-86) and IAVSYQTK for the CoRP with m/z 909.57 (score
35; threshold 26, aa87-94), respectively (Fig. 4G-4H and
supplemental Fig. S6, cf.supplemental Tables S12-S13). The
lower score for VNLLSAIK can be explained by the fact that at
the TRANSFER cell collision voltage of 50 V that was applied
to sufficiently fragment the precursor ion at m/z 857.60 some
rather high intensity fragments of the IAVSYQTK precursor
peptide were seen as well, now characterized as noise. Be-
cause unmatched ion signals generate a penalty in the Mas-
cot algorithm, the ion score for the amino acid sequence of
the target peptide is low. Interestingly, the two peptides are
located adjacent to each other in the amino acid sequence of
the rhTNFa (supplemental Fig. S8).

To examine whether both peptides together form the
antiTNFa antibody epitope or, alternatively, to decide which of
the two peptides contained the specific epitope, we com-
pared their hydrophobicity values and solvent accessible sur-
face areas (asa) using X-ray crystallographic data (1tnf.pdb).
Our computational investigations revealed that the amino acid
residues of the VNLLSAIK peptide (aa79-86) were highly
hydrophobic and only surface accessible when assuming the
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Fic. 5. 3D structure images of the human TNF« protein trimer.
A, The cartoon display shows ribbons with backbone atom coordi-
nates. B, Display of vanderWaals surfaces. Monomer surfaces are
shown in different green shades. The epitope peptides’ surfaces on
each monomer (aa79 - aa86: IAVSYQTK) are displayed in red, the
adjacent peptides’ surfaces (aa87 — aa94: VNNLSAIK) in purple (cf.
supplemental Fig. S9).

presence of monomeric rhTNFa. By contrast, the residues of
the IAVSYQTK peptide were highly surface accessible in both,
trimeric and monomeric rhTNFa. The IAVSYQTK peptide (2a87-
94) is rather hydrophilic as compared with the VNLLSAIK pep-
tide (supplemental Fig. S9).

From this comparison it can be concluded that on the
trimeric rhTNF« the IAVSYQTK peptide is highly surface ex-
posed and, hence, is better accessible for antibody (paratope)
recognition than the VNLLSAIK peptide. On the other hand it
can be argued that the residues of VNLLSAIK are involved in
the trimerization interface of TNF«a and, consistent with the
three dimensional structure of TNF«, only become surface
exposed on destroying the rhTNFa trimer (Fig. 5). Thus, the
appearance of the VNLLSAIK peptide in the ITEM-THREE
experiment may be a result of nonspecific interaction of this
peptide to the antibody that could be attributed to its “stick-
iness” because of its many hydrophobic residues.

However, when in control experiments either rituximab or a
mouse monoclonal anti-actin antibody (solutions 2) was
added to the rhTNFa tryptic peptide mixtures (solution 1) not
a single peptide was fished out by either of the two negative
control antibodies in ITEM-THREE (data not shown). Hence,
we are tempted to speculate that the antiTNFa antibody may
not be monoclonal. If we were to assume that the commer-
cially available antiTNF« antibody was in fact containing two
antibody clones, then, one might bind to the surface acces-
sible peptide (IAVSYQTK) as the “expected” epitope and the
other could bind to the “sticky” peptide (VNLLSAIK). In this
case both peptides fully satisfied the properties of epitope
peptides.

DISCUSSION

ITEM-THREE differs from MALDI MS-based epitope map-
ping methods (20, 53-55) in several aspects. Most currently
available MALDI-MS approaches for epitope mapping require
immobilization of the capturing antibody on a protein A (or
protein G) substrate or on some other sort of a substrate
(beads or columns) when chemically immobilized. Using a
substrate is usually associated with the risk of nonspecific
adsorption of the antigen/epitope peptide to its surface. Re-
spective control experiments that test for nonspecific adsorp-
tion of antigens and/or epitope peptides onto the substrate
material become mandatory, thereby doubling or tripling the
amount of antigen/epitope peptides to be consumed. In
ITEM-THREE one does not need to fix the capturing antibody
on any substrate and therefore a respective negative control
experiment with only substrate (bead or column surfaces,
protein A or protein G, etc.) is obsolete. Hence, with ITEM-
THREE sample consumption is reduced and the experiment-
er’'s time is saved as well. Perhaps more importantly, ITEM-
THREE allows one to check whether an antibody-epitope
peptide complex has been formed in the first place. This is
done by recording mass spectra with higher m/z range before
dissociation of the complex. Using a MALDI MS-based
method, the formation of the immune complex is not directly
observable as on addition of the matrix (mostly because of the
acidic solution in which the matrix is typically dissolved in),
immune complexes are destroyed.

Of note, in MALDI-MS-based methods, mass spectrometry
is applied “only” as a readout for the in-solution enzymatic/
chemical processing steps, whereas in ITEM-THREE the
mass spectrometer’s capabilities of ion manipulation and
sorting become part of the experimental process. For one, we
have observed that loosely (nonspecifically) attached pep-
tides can be “shaken off” from the antibody surface during
transition between the condensed and the gas phase by
adjusting desorption/ionization conditions. Stronger bound
epitope-containing peptides mostly survive this “cleansing”
step and are dissociated later by applying CID conditions in a
collision cell within the mass spectrometer. A comparable
“clean-up” effect within the ionization regime may be difficult
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to achieve by applying a MALDI-based method, as dissocia-
tion of peptides is not controlled but forced by denaturation
of the antibody/immune complex under acidic matrix prepa-
ration conditions.

Also worth mentioning is the fact that dissociation of the
epitope-containing peptide from the antibody by CID gener-
ates the charged epitope peptide ions in an ionization process
that is completely different than that in an ionization source of
a mass spectrometer. In the ion source all analytes compete
for obtaining charge carriers (protons in positive ion mode)
and there is a selection taking place by which in general more
basic peptides become better ionized than less basic pep-
tides. In MALDI-MS ionization the “lucky survivor concept”
has found acceptance (56, 57). This in the end may have an
impact in the detection sensitivity because there is the risk
that some peptides simply may not ionize well and, hence
their ion signals are weak and, depending on the noise, may
be overlooked. By contrast, as has been amply described (6,
47, 58, 59) CID results in an asymmetric charge distribution
and the epitope-containing peptide, being the smaller partner
of the to be dissociated complex, receives at least one proton.
At least in our hands, ionization yields were not limiting de-
tection of the epitope peptides.

Further, additional in-solution handling steps, such as trim-
ming of the epitope by applying different enzymes (60) can be
done equally well in both of the two methods, MALDI-based
and ITEM-THREE, at least as long as the proteases that in
ITEM-THREE are to be added to one and the same sample
without purification are stable enough and not digest each
other faster than the time needed for trimming of the epitope
peptide. Another prerequisite for ITEM-THREE is that the
applied proteases should work in ammonium acetate buffer at
pH 7. Yet, also in MALDI-based epitope mapping methods,
during “trimming” the experimental conditions have to be kept
such that the immune complex is not destroyed, i.e. a pH
value of about neutral.

The fact that ITEM-THREE reveals partial amino acid se-
quences of epitope peptides as well as the respective protein
name of the antigen in one experiment, principally allows one
to identify unknown antigens of an antibody of interest in a
given protein extract. An example for the identification of an
unknown epitope amino acid sequence is presented by the
chemically modified His-tag containing C-terminal epitope
peptide, KCFHHHHHH, of rhBactin that was found to be triply
carbamidomethylated. Both, the epitope peptide amino acid
sequence and the location of the modifications were clearly
identified by mass spectrometric fragmentation, thereby prov-
ing the versatility of ITEM-THREE. The observed double-car-
bamidomethylation at the lysine residue of the epitope pep-
tide is consistent with reports that have shown that lysine
residues might be modified by iodoacetamide, depending on
the lysine residues’ microenvironment (61, 62). In addition to
the highly abundant [M+2H]** ion at m/z 695.82 that was
released from the immune complex, we also observed ion

signals of two low-abundance doubly charged ion signals
(m/z 687.31 and 702.83) with mass differences of —17.04 Da
and +14.02 Da with respect to the epitope peptide’s mass
(Fig. 3F). The —17.04 Da likely was because of a loss of
ammonia (63), whereas +14.02 Da can be explained by meth-
ylation of the K373 residue (64). Although loss of ammonia is
produced from the peptide at elevated collision energies,
methylation of the peptide was observed already in the pep-
tide mixture of the tryptic digest of rhBactin (supplemental
Table S7). Obviously, epitope peptides that contain modified
residues because of post-translational modifications or as a
result of chemical conversions during sample preparation are
still identified by ITEM-THREE, provided that the modification
does not affect recognition of the epitope by the antibody’s
paratope. This stands in agreement with findings of methio-
nine oxidized His-tag containing peptides, where oxidation
did not prevent recognition of the epitope by the antibody
under investigation or with partially carbamylated epitope
peptides, where the chemical modification of a lysine residue
was tolerated by the antibody as well (34). Such results illus-
trate the importance of ITEM-THREE as a method that can
study amino acid modification-related effects on antigen-an-
tibody binding.

Once an epitope peptide’s sequence has been determined,
one becomes able to search for amino acid sequence simi-
larities on other proteins, thereby allowing to estimate cross-
reactivities of the investigated antibody, or even to predict
which unrelated proteins might bind to an antibody of interest
in addition to its specific antigen. Such information becomes
particularly relevant when one aims at using antibodies to
identify proteins in species for which an antibody has not
been produced or specified. When the amino acid sequence
of the protein of interest is known, one can predict whether a
given antibody might be a good binder, i.e. suitable for im-
mune assays within a research project of a different species.
Based on epitope peptide sequence similarities, the applica-
bility of a precious antibody was securely broadened (8, 65).
Practicality of this approach is illustrated by NCBI BLAST
searches using the here identified epitope peptide sequences
without taxonomy restrictions. The obtained lists of proteins
that shared amino acid sequences that were like the query
sequences from the identified epitope peptides, for instance,
provided more than 250 entries, each. Within the top 50 listed
proteins in the report from the BLAST search applying the
RA33 epitope peptide, only the top 6 proteins contained
amino acid sequence stretches that were 100% identical to
the query sequence. The next 16 proteins in the list had 100%
identity to shorter query sequence stretches (Table I). The
following amino acid sequences in the list were from unrelated
proteins that possessed partial amino acid sequences with
still high homologies to the original epitope peptide sequence.

The same type of results, which match with reports from
cross-reactivity-studies with diagnostic heart muscle troponin
T antibodies (65), can be obtained with any epitope peptide
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TABLE |
BLAST search results with identified epitope peptide amino acid sequences

i st 3 f _ :
Epitope peptide Protein IDs of 15t .No. .Of %ep_t@ese Query/urp 1% urp’s gpltopg related Protein IDs of List pgs'
sequence (query)®® hit list entry®°© identical®/similar hit length' amino acid 1t urp9 of 1
to query sequence? urp®
MAARPHSIDGRVVEP ROA2_HUMAN 6/16 15/15 LASRPHTLDGRNIDP DAZP1_XENLA 24
LQELEKDEREQLRILGE RO52_HUMAN 1/26 1717 TFLEKTERLEQLRILEN KDSB_RICTY 3
KCFHHHHHH" rhB-actin_HUMAN 1/0 9/22 QHHHQHHFHHHHHHH  SUV42_DROME 2
HHHHNHG
IAVSYQTK TNFA_HUMAN 15/17 8/8 GAVNYQTK HPUB_NEIMC 20

2Uniprot database was searched.

PSequence parts which are identical to the query sequence are printed in bold.

°Number of subjects (entries in hit list) was limited to 250.

9Number of subjects (entries in hit list) identified with 100% sequence coverage and 100% sequence identity to query.
°Number of subjects (entries in hit list) identified with 100% sequence coverage and less than 100% sequence identity to query.

furp: unrelated protein.

9First subject (entry in hit list) which belongs to an unrelated protein.

"Amended Uniprot database was searched.

amino acid sequence (Table ). Because of amino acid se-
quence similarities it is likely that the antibody of interest was
able to recognize binding motifs on unrelated proteins, as
long as the targeted amino acid sequence was surface ex-
posed and the partial peptide assumed a somewhat similar
three dimensional structure compared with that of the original
epitope peptide, even when the respective antibody was not
raised against the unrelated protein.

ITEM-THREE is an electrospray mass spectrometry-based
method that determines an utmost important antibody fea-
ture, its molecular recognition code. Except for mixing the
antibody of interest with a peptide mixture that contains the
epitope peptide, all experimental steps, such as epitope ex-
traction and epitope peptide sequencing are performed in a
single mass spectrometry experiment. Followed by an in-
silico search, which starts with subjecting the experimentally
determined mass lists to unsupervised data base search, the
epitopes’ peptide amino acid sequences are defined, and the
originating antigens thereby unequivocally determined while
homologues are retrievable and cross-reactivities estimated
using BLAST search tools.
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